The aim of this pilot study was to investigate the effect of exercise on sleep and nocturnal hypoglycaemia in adults with type 1 diabetes (T1D). In a 3-week crossover trial, 10 adults with T1D were randomized to perform aerobic, resistance or no exercise. During each exercise week, participants completed 2 separate 45-minutes exercise sessions at an academic medical center. Participants returned home and wore a continuous glucose monitor and a wrist-based activity monitor to estimate sleep duration. Participants on average lost 70 (AE49) minutes of sleep (P = .0015) on nights following aerobic exercise and 27 (AE78) minutes (P = .3) following resistance exercise relative to control nights. The odds ratio with confidence intervals of nocturnal hypoglycaemia occurring on nights following aerobic and resistance exercise was 5.4
The aim of this pilot study was to investigate the effect of exercise on sleep and nocturnal hypoglycaemia in adults with type 1 diabetes (T1D). In a 3-week crossover trial, 10 adults with T1D were randomized to perform aerobic, resistance or no exercise. During each exercise week, participants completed 2 separate 45-minutes exercise sessions at an academic medical center. Participants returned home and wore a continuous glucose monitor and a wrist-based activity monitor to estimate sleep duration. Participants on average lost 70 (AE49) minutes of sleep (P = .0015) on nights following aerobic exercise and 27 (AE78) minutes (P = .3) following resistance exercise relative to control nights. The odds ratio with confidence intervals of nocturnal hypoglycaemia occurring on nights following aerobic and resistance exercise was 5.4 (1.3, 27.2) and 7.0 (1.7, 37.3), respectively. Aerobic exercise can cause sleep loss in T1D possibly from increased hypoglycaemia.
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| INTRODUCTION
Regular structured physical activity (PA) in adults with type 1 diabetes (T1D) provides physiological and psychological benefits including reduction in macrovascular complications, improvement in lipid profiles, increased lean body mass, and enhanced self-esteem. 1 However, PA is associated with an increased risk of hypoglycaemia that may occur during, shortly after or even many hours after PA, and the risk of nocturnal hypoglycaemia can persist for several days. [2] [3] [4] The risk of nocturnal hypoglycaemia ranges from 14% to as high as 56% in children and adults. 5 Nocturnal hypoglycaemia increases anxiety levels and is associated with a negative effect on the quality of life due to its effect on sleep quality and quantity. 5, 6 While prior groups have related PA to increased nocturnal hypoglycaemia, no-one has yet quantified the amount of sleep loss either due to nocturnal hypoglycaemia or due to the increased risk of nocturnal hypoglycaemia on nights following different types of exercise. While exercise has been shown to increase sleep duration in people without type 1 diabetes, 7 the effect of exercise in people with T1D is unknown. The purpose of the current study was to examine the effect of late afternoon PA on nocturnal hypoglycaemia and sleep duration. We hypothesized that there would be increased nocturnal hypoglycaemia and related sleep loss after aerobic exercise and also after resistance exercise relative to nights following control days of no structured PA.
| METHODS
In this study, participants carried wearable glucose sensors, actigraphy sensors, their own insulin pump, and a custom-built food-tracking Android smart-phone application that measured their glucose, PA, insulin, food, and sleep continuously for 4 consecutive weeks. The first week of the study was a run-in week in which participants became accustomed to the wearable sensors. After the run-in week, participants performed 1 week of in-clinic aerobic exercise twice that week, 1 week of in-clinic resistance exercise done twice that week, and 1 control week when no structured exercise was done by the participants. The order of the aerobic, resistance, and control weeks were randomized for each subject. cise; but the energy expenditure for these 2 types of exercises was not controlled for in this study. Capillary glucose was checked before the start of the exercise period and immediately after exercise. If the subject was below 70 mg/dL or above 300 mg/dL, exercise was delayed until glucose returned to within range. Glucose tablets or juice was provided to treat hypoglycaemia. Each exercise session was followed by 60 minutes of monitored resting recovery. Participants selected one of 2 meals to eat during the recovery period and the identical meal was consumed during subsequent study visits.
All statistical analyses were performed using R-Software. 12 A paired means power analysis was used to carry out sample size power analysis. A total sample size of 10 achieved 90% power to detect a mean of paired differences of 30 minutes in sleep loss. This is with an estimated standard deviation of differences of 25 and with (A) (B) FIGURE 2 Representative subject data. Here we show the CGM sensor and the actigraphy data overlaid. The CGM sensor data are shown as a solid black line and the actigraphy data are shown below the sensor data, as indicated by the gray squares for sleep and black squares for being awake. Capillary blood glucose (BG) checks performed by the subject are indicated with a black triangle. Panels A-B show the aerobic nights, panels C-D show the resistance nights and panels E-F show the control nights. The dashed line indicates hypoglycaemia at 70 mg/dL (3.9 mmol/ L) and the dotted line indicates severe hypoglycaemia at 54 mg/dL (3.0 mmol/L). Hypoglycaemia events during the nights following aerobic exercise are associated with sleep loss and can be observed by the change in the actigraphy state. Hypoglycaemia events during the nights following resistance exercise occur early in the night and were not associated with sleep loss. And hypoglycaemia did not occur during control nights (9:00 PM to 9:00 AM) following aerobic and resistance exercise compared with control nights. For this analysis, each night was used as a binary variable indicating whether a single hypoglycaemia event occurred during that night (9 PM to 9 AM). We further considered the order of the nights as a repeated measure and evaluated the significance of the order. least one hypoglycaemia event occurred (CGM < 70 mg/dL) was 30%, 65%, and 70% for nights following control, aerobic, and resistance days. Average insulin on board concentration at bed time was lower following both aerobic and resistance exercise days as compared with the control and the reported carbohydrate intake was higher following aerobic and resistance exercise days as compared with the control (see Table S1 ). Subjects were more likely to consume a pre-exercise snack when doing aerobic exercise compared with resistance exercise (Table S2) . And subjects were more likely to reduce or suspend insulin following aerobic exercise compared with resistance exercise (Table S3 ). Figure 1B This subject experienced multiple hypoglycaemia events during the nights following aerobic exercise and each hypoglycaemia event caused sleep loss.
| RESULTS
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| DISCUSSION
This study assessed the effect of structured exercise on sleep duration related to nocturnal hypoglycaemia in physically active individuals with T1DM. Results here also confirm higher hypoglycaemia after structured PA. These results indicated that aerobic activity can negatively affect sleep by reducing total sleep duration on the night following exercise by an average of 70 minutes. While resistance exercise also led to sleep loss, the effect was less and not statistically significant in this small sample size. This study may have been strengthened if we had included a healthy cohort to observe whether stress from PA was a potential confounding factor that may have influenced sleep. However, prior research has shown that in people without T1DM, sleep duration is increased with PA, even in people who do not exercise regularly. 7 All participants in the current study were required to be physically active and to do regular exercise (minimum of 30 minutes 3 times per week). Aerobic and resistance exercise are known to impact glycaemic control in different ways, and prior findings indicate that aerobic exercise can lead to sharper drops in glucose levels in people with T1DM. 13 It is currently not known whether this change is because less energy is expended during resistance exercise compared with aerobic exercise or if there is some other mechanism. It has been reported that the increase in catecholamine levels during resistance activities could contribute to increased hepatic glucose production and inhibit insulin-mediated glucose uptake. 13 While people with T1DM may be aware of the increased risk of hypoglycaemia during PA, immediately after PA and overnight up to 7 to 11 hours later, 14 and J. C. contributed to the data collection and to the manuscript writing. J. L. developed the software for the data collection smart phone app and contributed to the data processing.
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